The molecular modeling of p-nitroanilinium perchlorate molecule was carried out by using B3LYP and HSEH1PBE levels of density functional theory (DFT). The IR and Raman spectra were simulated and the assignments of vibrational modes were performed on the basis of relative contribution of various internal co-ordinates. NBO analysis was performed to demonstrate charge transfer, conjugative interactions and the formation of intramolecular hydrogen bonding interactions within PNAPC. Obtained large dipole moment values showed that PNAPC is a highly polarizable complex, and the charge transfer occurs within PNAPC. Hydrogen bonding and charge transfer interactions were also displayed by small HOMO-LUMO gap and molecular electrostatic potential (MEP) surface. The strong evidences that the material can be used as an efficient nonlinear optical (NLO) material of PNAPC were demonstrated by considerable polarizability and hyperpolarizability values obtained at DFT levels.
Introduction
Nonlinear optical (NLO) materials have gathered great attention in recent years with respect to their potential applications in various fields, such as electro-optic modulation, frequency conversion, optical parametric oscillations, optical communication and optical computing [1] [2] [3] [4] . In these fields, organic materials have some advantages over their inorganic counterparts, and it is stated that organic materials may eventually replace the inorganic ones in industrial applications [5] . The advantages of organic materials are that these materials have higher electronic susceptibility (χ) through molecular hyperpolarizability (β), facile modification through standard synthetic methods and * E-mail: yatalay@sakarya.edu.tr relative ease of device processing [6] . Hydrogen bonding, which has a directional nature can orient the molecules in a head-to tail manner, and it paves the way for the materials to exhibit NLO character. Additionally, the donor-acceptor systems show charge transfer between electron donating and withdrawing groups, leading to high molecular hyperpolarizability. Effective NLO materials have been obtained by the incorporation of highly active chromophore molecules which have a large molecular hyperpolarizability. All of the factors such as increased length, increased planarity and overall increased conjugation and the strength of donors and acceptors (i.e. the Hammett substituent-constant parameters) play important roles in nonlinear optics and are amenable to design of NLO complex. The aromatic molecules have received particular interest since they may exhibit large optical nonlinearities [7] . The polarizability of such systems can be enhanced through the rationalizing substitution with donor and acceptor groups to the opposite backbones of molecular systems. The title compound consists of p-nitroanilinium and perchlorate anion which are linked to each other through N-H· · · O hydrogen bonds, formed by H atoms covalently bonded to the N atom. The nitro and ammonia groups are located at the opposite backbones of aromatic ring, and the molecular systems reveal strong hydrogen bonding interactions. The PNAPC molecule drew our attention due to the important and interesting properties. For example, the inter-molecular interactions such as hydrogen bonding have significant influences on linear and nonlinear optical properties of the molecules. Additionally, the microscopic origin of nonlinearity in the molecules is due to the presence of delocalized π electron systems connecting donor and acceptor groups which enhance the necessary asymmetric polarizability. Keeping the above mentioned statements in mind, the PNAPC molecule was considered as a potential NLO material.
A number of papers reporting the theoretical and experimental investigations on the structure and vibration spectrum as well as the nonlinear optical efficiency of nitroanilinium compounds have appeared in the literature [8] [9] [10] [11] [12] . However, there is no theoretical study about the structure, vibrational assignments, electronic and nonlinear optical properties, natural bonding orbital analysis, molecular surfaces and Mulliken charges for p-nitroanilinium perchlorate molecule. In order to eliminate this deficiency, a series of quantum chemical calculations were performed by using density functional theory (DFT).
Computational details
The molecular modeling of the title molecule was carried out for only one p-nitroanilinium perchlorate molecule based on the crystal structure of the PNAPC taken from Cambridge Crystallographic Data Center (CCDC 757,132). All of the calculations were performed by using density functional theory (DFT) at Gaussian 09W program package [13] , and the output files were visualized via GaaussView 5 software [14] . The structural properties and vibration spectra of the PNAPC were determined through the applications of B3LYP and HSEH1PBE levels [15, 16] with the 6-311++G(d,p) basis set [17] . The assignments of vibration modes were performed on the basis of the relative contribution of various internal co-ordinates through the Gaussian 09W software package with 'InternalModes' keyword. NBO analysis was performed to display interaction between the 'filled' donor-type NBO and 'empty' acceptor-type NBO in the molecule. The HOMO and LUMO energies, energy gap and related properties such as electronegativity, chemical hardness and softness were predicted at the same levels and basis set. DFT levels were also used to calculate the dipole moment (µ), the mean polarizability (α), the anisotropy of the polarizability (∆α), and the total first static hyperpolarizability (β). Molecular electrostatic potential (MEP) surface and Mulliken charges were also investigated by using DFT levels.
Results and discussion

Geometric optimization
The p-nitroanilinium perchlorate crystal synthesized by Marchewka et al. crystallizes in P2 1 /c space group of monoclinic system with a = 5.003 (10)Å, b = 10.685 (2)Å, c = 17.914 (4)Å, β = 94.44 (3) • and Z = 4 [8] . The optimized structural parameters, bond length and bond angle calculated for p-nitroanilinium perchlorate molecule at B3LYP and HSEH1PBE levels using 6-311++G(d,p) basis set, compared with X-ray diffraction results are presented in Table 1 . The experimental structure with the labeling of atoms and theoretical optimized structure are given Fig. 1a and Fig. 1b , respectively.
The p-nitroanilinium perchlorate molecule has electron withdrawing nitro group and electron donating amino groups. Because of the electronic effects of push and pull type substituents the symmetry of the benzene ring is distorted. The electron donating substituents in the benzene ring, yield ring angles smaller than 120 • at the point of Table 2 . The theoretical and experimental N1-H12· · · O2 and C2-H2· · · O2 interaction parameters for pnitroanilinium perchlorate. between donor N1-H12 and acceptor O2 moieties, while the second one is between donor N1-H13 and acceptor O3 moieties (Table 2 ). These intermolecular hydrogen bonding interactions play a vital role in constructing of PNAPC crystals. In addition to these hydrogen bonding interactions, short C-H· · · O contacts predicted for PNAPC crystal are presented in Table 2 .
Vibrational assignments
The IR and Raman spectra for PNAPC molecule have been simulated by using B3LYP and FT-Raman results [8] . The calculated vibration frequencies, the percentage of relative contribution of various internal co-ordinates and approximate descriptions of normal modes are listed in Table 3 . Frequency calculations at the same levels of theory revealed no imaginary frequencies, indicating that an optimal geometry at these levels of approximation was found for PNAPC. It is well known that DFT levels overestimate the vibration wavenumbers due to the neglecting of anharmonicity, lack of electron correlation effects and basis set deficiencies [19] . So, the scaling factor 0.9614 [20] was used providing closer results to the experimental ones [8] .
Hydogen bonding vibrations
According to theoretical calculations, there are two types of intermolecular interactions ( Table 3 ). The NH stretching vibration for H atom which does not involve hydrogen bonding is observed at 3155 cm −1 , and this peak is calculated at 3381 and 3423 cm −1 , for B3LYP and HSEH1PBE levels, respectively. The other NH stretching peaks for H atom involved in the hydrogen bonding interactions were observed at 2712 and 2646 cm −1 [8] , and the corresponding peak in the Raman spectrum was observed at 2703 cm −1 . These peaks were calculated as 2849 and 2722 cm −1 at B3LYP level, 2872 and 2700 cm −1 at HSEH1PBE level, respectively. Such a large shift between the NH stretching vibrations is due to weakening of bonds during rotation of the ammonio group involved in the hydrogen bonding interactions which bridges two atoms that have higher electronegativity (such as O and N) than hydrogen. These NH stretching vibrations have the relative contribution of 84 to 78 % to internal co-ordinates, and it can be said that these peaks are quite pure modes. The in-plane bending vibrations of N-H· · · O group observed at 1425 and 1375 cm −1 in IR spectrum [8] have been found at 1539 and 1523 cm −1 with the relative contributions of 37 to 43 % to internal co-ordinates for B3LYP, respectively. The peak belonging to out-ofplane bending of N-H· · · O group was calculated at 992 and 1012 cm −1 as would be expected [8] . All of the in-plane and out-of-plane bending hydrogen bonding interactions were calculated as coupled modes (Table 3) .
Ring vibrations
It is well known that aromatic ring CH stretching vibrations occur at 3100 to 2880 cm −1 [21] . The CH peaks observed in the region of 3135 to 3029 cm −1 [8] have been calculated in the range of 3102 to 3049 cm −1 for B3LYP level and 3120 to 3055 cm −1 for HSEH1PBE level. These peaks are approximately pure vibration modes with the contributions 81 to 72 %. Among these peaks, the lowest wavenumber is responsible for C2-H2 stretching vibration. This peak shifts to lower wavenumber due to the C-H· · · O contact. The in-plane CH bending vibrations were calculated in the region of 1308 to 1056 cm −1 as mostly coupled modes, while out-of-plane ones were calculated in the region of 980 to 794 cm −1 by using B3LYP level. The CC stretching modes of the benzene ring are expected in the range from 1650 to 1200 cm −1 . Marchewka et al. [8] reported the infrared bands at 1510, 1496, 1468, 1433 cm −1 and the Raman bands at 1509 and 1432 cm −1 were assigned to ring stretching type of vibrations. These CC peaks were calculated as coupled modes in the range of 1606 to 1163 cm −1 for B3LYP level and 1641 to 1167 cm −1 for HSEH1PBE level. In-plane CC bending vibration was calculated at 1056 cm −1 , while out-of-plane bending was calculated at 1094 cm −1 by using B3LYP level with the relative contribution of 13 %.
Nitro group vibrations
In aromatic nitro compounds, symmetric and asymmetric stretching vibrations of NO 2 group involved in the intra molecular charge-transfer give peaks in the range of 1570 to 1485 cm −1 and 1370 to 1320 cm −1 [22, 23] , respectively. These vibration peaks were observed at 1496 and 1241 cm −1 , respectively, and the corresponding second peak in Raman spectrum was observed at 1246 cm −1 [8] . In our calculations, the asymmetric N=O vibration was found at 1576 and 1597 cm −1 by using B3LYP and HSEH1PBE levels, respectively. The symmetric one was found at 1320 and 1374 cm −1 with the relative contribution of 44 %, respectively. The nitro group vibration peaks of PNAPC complex were found as very close to that of simple nitro compounds [24] due to the presence of nitro group in free state. According to "internal modes" analysis, in-plane bending vibration of nitro group was found at 841 and 860 cm −1 , with the relative contribution of 34 %. The out-of-plane vibrations were found at 744 and 788 cm −1 with the relative contribution of 51 %. The C-N stretching peak observed at 1203 cm −1 [8] is one of the most useful peaks for distinguishing individual nitro containing compounds, and this peak was found at 1174 and 1200 cm −1 for B3LYP and HSEH1PBE levels, respectively.
ClO
− 4 anions vibrations
Perchloric acid has one hydroxyl group and three double-bonded oxygen atoms on the central Cl atom. The loss of the hydroxyl proton results in a negative charge shared by the four oxygens. The intermolecular charge transfer from the donor to acceptor group can induce large deviation of both the molecular dipole moment and the molecular polarizability, and produce very active IR and Raman peaks. The Cl-O stretching vibration for perchlorate anion observed at 928 cm −1 was calculated at 944 and 984 cm −1 by using B3LYP and HSEH1PBE levels with the relative contribution of 38 %.
NBO analysis
NBO analysis is used to provide a clear description of the stabilizing interactions between filled (donor) and empty (acceptor) orbitals and destabilizing interactions between filled orbitals [25] , and it could enhance the analysis of intra-and intermolecular interactions. NBO theory also allows the assignment of the hybridization of atomic lone pairs and of the atoms involved in bond orbitals. The hyperconjugative interaction energy was deduced from the second-order perturbation approach [26, 27] . For each donor (i) and acceptor (j), the stabilization energy E (2) associated with the delocalization i → j is estimated as:
where q i is the donor orbital occupancy, j and i the diagonal elements and F(i, j) is the off diagonal NBO Fock matrix element. NBO analysis was performed to elucidate the intramolecular, hybridization and delocalization of electron density within PNAPC by using B3LYP and HSEH1PBE levels with the 6-311++G(d,p) basis set. The second order perturbation theory analysis of Fock matrix in NBO shows strong intermolecular hyper conjugative interactions presented in Table 4 . In NBO analysis, the larger energy values of hyper conjugative interactions (E(2)), the more intensive is the interaction between electron donors and electron acceptors, i.e. the more donating tendency from electron donors to electron acceptors, the greater the extent of conjugation of the whole system. NBO analysis indicates the strong intramolecular hyperconjugative interactions formed by the orbital overlap between bonding and antibonding orbitals, leading to inter and intramolecular charge transfer (Table 4 ). There occurs a strong intramolecular hyperconjugative interaction of π electrons from (C4-C5) to π * (N2-O5) with the energy values of 24.48 and 21.51 kcal/mol at B3LYP and HSEH1PBE levels, respectively. The intramolecular hyperconjugative interaction of σ (C1-C6) distributes to σ * (C1-C2) and (C5-C6), leading to stabilization of 4.34 and 2.88 kcal/mol, respectively. This enhances further conjugation with antibonding orbital of π * (C2-C3) and π * (C4-C5) which leads to strong delocalization of 17.30 and 19.99 kcal/mol, respectively. Interactions of the same kind were also calculated for PNAPC molecule (Table 4 ). These interactions resulted in molecular charge transfer causing stabilization of PNAPC, and the large hyperconjugative interaction energies values are the indicators of weakening of the respective bonds. NBO analysis clearly explains the formation of H-bonded interaction between the LP(O) and σ * (N-H) antibonding orbitals. The stabilization energies E(2) associated with hyperconjugative interactions LP(3) O2 → σ * (N1-H12) and LP(3) O3 → σ * (N1-H13), were equal to 19.61 and 19.65 kcal/mol, which quantify the extent of intermolecular hydrogen bonding (Table 4) .
Nonlinear optical studies
Density functional theory calculations have been proven to be a useful tool in the description of the relation among the electronic structure and its NLO response of a molecular system. The DFT approach allows the definition of molecular NLO properties as an inexpensive way to design molecules by analyzing their potential and determine the hyperpolarizability tensors of molecules before synthesis of the molecules [28, 29] . The significance of the polarizability and the first hyperpolarizability of a molecular system depends on the efficient electronic communication between donating and withdrawing groups, due to the fact that it is the basis to intramolecular charge transfer [30] . The intramolecular charge transfer from the donating to the withdrawing group through a conjugated path can induce large variations in both the molecular dipole moment and molecular polarizability, making IR and Raman activity strong at the same time [31] . Furthermore, the molecular hyperpolarizability can be enhanced in organic molecules by substitutions with NH 3 and NO 2 groups, which are involved in hydrogen bond interactions. The N=O, C=C and N-H stretching vibrations were calculated as strong and simultaneously active in IR and Raman spectra. So, the calculated stretching vibrations clearly demonstrate the presence of charge transfer interactions in PNAPC, making highly polarizable molecule. The first hyperpolarizability (β), dipole moment (µ) and polarizability (α) were calculated using B3LYP and HSEH1PBE 6-311++G(d,p) basis set on the basis of the finite-field approach [32] [33] [34] . Dipole moment of a molecule was used to study the intermolecular interactions. Additionally, dipole moment as a reflector of the molecular charge distribution can be used as descriptor to depict the charge movement across the molecule depending upon the centers of positive and negative charges. The dipole moment for PNAPC molecule were calculated as 7.244 and 7.216 Debye by using B3LYP and HSEH1PBE levels, respectively. Theoretical values indicate that dipole moments are dominant in the x and y directions but negligible in z direction. The magnitude of the molecular polarizability (α) and hyperpolarizability (β) are the important key factors in a NLO system. The computed β values of PNAPC were found as 11.272 × 10 −30 and 10.220 × 10 −30 esu by using B3LYP and HSEH1PBE levels, respectively. Urea and PNA were the prototypical molecules used in the study of the NLO properties of molecular systems and are frequently used as a threshold value for comparative purposes [35] [36] [37] . Obtained hyperpolarizability values are given in Table 5 , in comparison with urea and PNA. From Table 5 , the PNAPC molecule exhibits significant NLO character as compared with urea and PNA molecules [35] . Therefore, the PNAPC complex might be a potential excellent nonlinear optical material. The NLO results also indicate the electrons of the studied molecule can be easily polarized with changing environments such as lights and fields.
Frontier molecular orbitals (FMOs)
The frontier molecular orbitals play an important role in the electric and optical properties for of molecular systems. The HOMO represents the ability to donate an electron, while LUMO represents the ability to accept an electron. The small energy gap between the HOMO and LUMO leads to efficient electronic charge transfer from donating groups to withdrawing groups, making the molecule highly polarizable.
According to Fig. 4 , HOMO is mainly localized over the perchlorate group, however LUMO is characterized by a charge distribution on nitroanilinium group. So, the HOMO→ LUMO transition implies an electron density transfer from perchlorate to the remaining parts of PNAPC complex. The HOMO and LUMO were simulated by using B3LYP and HSEH1PBE levels, and illustrations obtained at B3LYP level are presented in Fig. 4 . The HOMO and LUMO energies were calculated as −8.2281 and −3.6830 eV at B3LYP level, −8.1285 and −3.7505 eV at HSEH1PBE level, respectively ( Table 6 ). The energy gap between the HOMO and LUMO were found as 4.5451 and 4.3780 eV. These energies indicate the lowering of energy gap and also reflect the NLO activity of PNAPC. Furthermore, the chemical hardness (η) is a good indicator of the chemical stability. The soft molecules are more polarizable than the hard ones since they need small energy to excite one electron from a ground state to excited state. Electronegativity (χ) and chemical hardness (η) can be calculated using the frontier molecular orbital energies [38, 39] . The χ and η values were calculated as 5.9555 and 2.2775 eV at B3LYP level (Table 6). Consequently, PNAPC molecule is a polarizable complex and also can be used as an efficient NLO material. 
Molecular surfaces
The molecular electrostatic potential (MEP) is a very useful descriptor for determining reactive sites for electrophilic and nucleophilic reactions as well as hydrogen-bonding interactions [40] . It is well known that MEP simultaneously displays molecular size, shape as well as positive, negative and neutral electrostatic potential region. The color scheme for the MEP surface is red (electronrich or partially negative charge), blue (electrondeficient or partially positive charge), light blue (slightly electron-deficient region), yellow (slightly electron-rich region), respectively. Areas of low potential, red, are characterized by an abundance of electrons. Areas of high potential, blue, are characterized by a relative absence of electrons. The MEP surface for PNAPC was simulated at B3LYP/6-311++G(d,p) basis set, and depicted in Fig. 5 .
As can be seen from the MEP surface of PNAPC, while the regions having the most negative potential are over the perchlorate group, oxygen and chloride atoms with a maximum value of −0.122 a.u., the regions having the most positive potential are over the hydrogen atoms of ammonia group with a maximum value of +0.122 a.u. So, the MEP clearly indicates the formation of the intermolecular hydrogen bonding interactions. In Fig. 5 , the negative MEP is also localized over nitrogen and oxygen atoms of the nitro group and is reflected as a yellowish color, while the positive MEP is localized over the ring of hydrogen atoms and is reflected as bluish. This is an expected behavior, since electrostatic potential correlates with electronegativity and partial charges. The electrostatic surface potential (ESP) and the contour plot of ESP were simulated by using B3LYP/6-311++G(d,p) level. The polarization effect is also visible in these illustrations as can be seen in Fig. 6. 
Mulliken atomic charges
The Mulliken atomic charge is directly related to the vibrational properties of the molecular 202Ö. Tamer et al. systems, and explains how the electronic structure changes under atomic displacement; it is therefore related directly to the chemical bonds present in the molecule [41] . It affects dipole moment, polarizability, electronic structure and much more properties of molecular systems.
Mulliken atomic charges calculated at the B3LYP and HSEH1PBE levels with the 6-311++G (d, p) are collected in Fig. 7 . The maximum negative charge belongs to O2 and O3 atoms and its value is −0.541. The maximum positive charge belonging to Cl atom is 1.128. The atomic charges of all hydrogen atoms in the NH 3 group are positive. The atomic charges of two hydrogen atoms involved in the hydrogen bonding interaction are 0.323, while the third is 0.266. So, the H atoms involved in the hydrogen bonding interactions have higher positive charge than the third one. These charge variations clearly reveal the existence of N-H· · · O intermolecular hydrogen bonding. The electron withdrawing character of NO 2 group in PNAPC is demonstrated by the decrease of electron density on ring carbon atom. The N1 atom has negative charge, while the N2 atom has positive charge due to the electronegativity of oxygen atoms. From  Fig. 7 , the carbon atoms have either positive or negative charges between −0.054 and 0.128, while all of the ring hydrogen atoms have positive charge.
Conclusions
The optimized molecular geometry as well as the IR and Raman spectra were obtained at B3LYP and HSEH1PBE levels of density functional theory (DFT). The obtained structural and vibrational results can replace the experimental ones. Due to hydrogen bonding interactions between nitroanilinium and perchlorate moieties, PNAPC was oriented in a head-to tail manner, leading to an improvement of nonlinear optical properties. Some reductions in the wavenumbers of NH stretching vibrations was defined and that was an indicator of hydrogen bonding interactions within PNAPC. Additionally, it was demonstrated that the donating and withdrawing groups also contribute to NLO properties of PNAPC. The calculated vibration frequencies, the relative contributions to internal coordinates and approximate descriptions of normal modes were performed using Gaussian 09W. The obtained strong peaks responsible for the N=O, C=C and N-H stretching vibrations were highly active in IR and Raman spectra. These active peaks can improve the NLO properties of PNAPC by increasing polarizability of PNAPC. The strong intramolecular hyperconjugative interactions were found in NBO analysis, leading to inter and intramolecular charge transfers. The negative regions are mainly localized on the perchlorate group while the positive region is over ammonia group hydrogens. Accordingly, the MEP confirms the existence of intermolecular N-H· · · O interactions observed in the solid state.
